The damping characteristics of the traditional dual mass flywheel (DMF) cannot be changed and can only meet one of the damping requirements. Given that the traditional DMF cannot avoid the resonance interval in start/stop conditions, it tends to generate highresonance amplitude, which reduces the lifetime of a vehicle's parts and leads to vehicle vibration and noise. The problems associated with the traditional DMF can be solved through the magnetorheological fluid dual mass flywheel (MRF-DMF), which was designed in this study with adjustable damping performance under different conditions. The MRF-DMF is designed based on the rheological behavior of the magnetorheological fluid (MRF), which can be changed by magnetic field strength. The damping torque of the MRF-DMF, which is generated by the MRF effect, is derived in detail. Thus, the cosimulation between the drivetrain model built in AMESim and the control system model developed in Simulink is conducted. The controller of MRF-DMF is developed, after which the torsional vibration control test of drivetrain is carried out. The cosimulation and test results indicate that MRF-DMF with the controller effectively isolates torque fluctuation of the engine in the driving condition and exhibits high performance in suppressing the resonance amplitude in the start/stop conditions.
Introduction
With economic development and elevated living standards, vehicles have gradually become a necessity of daily life and work. NVH (i.e., Noise, Vibration, and Harshness) performance is becoming an important issue for passengers. Many factors affect the NVH performance of a vehicle, and among these torsional vibration of the drivetrain is one of the most crucial [1] .
An investigation of the torsional vibration mode of the vehicular clutch system indicates that because of the irregular torque of an engine, the drivetrain may generate serious problems in the form of torsional vibration and noise without effective control methods [2] . A previous study discussed the principal feature of torsional vibration in automobile transmission system and suggested ways to decrease noise; the same article argued that reducing the torque fluctuation amplitude of the engine and the torque fluctuation transmissibility are effective methods in alleviating the influence of engine torque fluctuation on the drivetrain [3] . However, reducing the torque fluctuation amplitude of the engine is difficult because torque fluctuation is an inherent characteristic of a reciprocating piston engine. Thus, reducing torque fluctuation transmissibility is determined to be the more effective and feasible method between the two.
Clutch torsional damper (CTD) is a widely used torsional damping device [4, 5] . A simulation method has been introduced [6] so that the effect on judder phenomena can be evaluated. A previous work [7] presented the advantages of the dual mass flywheel (DMF), compared the CTD and DMF, and determined the limitations of the CTD. In that study, the damping characteristics of CTD are found to be insufficient in isolating torque fluctuation because of the high torsional stiffness and limited space. The DMF, which uses low torsional stiffness, breaks through the limit of space. The development, advantages, and new generations of the DMF are presented in previous work in literature [8] . The DMF has also been demonstrated to damp the torque fluctuation in an engine during the idle and driving conditions and reduce torsional vibration resonance frequency below idle speed.
Owing to its perfect isolation characteristics, the DMF has been widely used in many vehicles and has various patterns, 2 Mathematical Problems in Engineering such as helical spring DMF, rubber spring DMF, hydraulic damping DMF, and air damping DMF. The helical spring DMF, which contains radial helical spring and circumference helical spring, has been the most widely used DMF pattern in recent years. Circumference helical spring can be categorized into two types, namely, long arc spring DMF and short spring DMF [9] [10] [11] [12] . Great progress has been made in DMF in recent years. The study of DMF with centrifugal pendulum vibration absorbers system shows that, instead of just damping vibrations at a specific frequency, it could damp vibrations over a range of frequencies [13] . A new structure of DMF with continuously variable stiffness is proposed to lower the idle speed of the engine, realize high counter torque at a large torsional angle, and avoid the impact due to the abrupt changes of stiffness [14] . By establishing nonlinear dynamic model of the proposed damper, its dynamic characteristics are analyzed, and the result shows that torsional vibration control effect of the proposed damper is better than the traditional dual mass flywheel type torsional vibration damper [15] .
The DMF can damp the torque fluctuation in an engine during the idle and driving conditions and reduce torsional vibration resonance frequency below the idle speed [8, 9, [13] [14] [15] . However, when the DMF is utilized, high-resonance amplitude is generated when the rotating speed of the drivetrain passes the resonance interval, particularly during the start and stop conditions, which leads to vehicle vibration and noise as well as the reduced life spans of the vehicle's parts. Although the resonance amplitude can be reduced by increasing damping, torsional vibration damping performance would decrease in the idle and driving conditions. In conclusion, the traditional DMF without adjustable damping characteristic could not satisfy the damping characteristic requirements of a drivetrain under different conditions. Hence, the traditional DMF could not avoid resonance interval in the start/stop conditions and generates highresonance amplitude, which again, leads to vehicle vibration and noise and reduced life span of its parts.
To satisfy the different damping characteristic requirements of a drivetrain under different conditions, the magnetorheological fluid dual mass flywheel (MRF-DMF) [16, 17] with adjustable damping characteristics is designed and manufactured in this paper. The design of this new type of DMF is based on the behavior of the magnetorheological fluid (MRF), which can be changed by the magnetic field intensity [18] [19] [20] [21] . The damping characteristic of the device can be changed by magnetic field intensity, which is adjusted by the current. Strong damping characteristic is produced to reduce the resonance amplitude in the start, stop, and other resonance conditions, whereas weak damping characteristic is generated to isolate engine torque fluctuation under idle and driving conditions. To achieve better vibration isolation of a drivetrain in each condition, the damping characteristic of the MRF-DMF must be adjustable under different conditions, which is referred to as semiactive control. The following semiactive control strategies offer a wide range of applications at present, including ON/OFF control, PID control, fuzzy control, and neural network control [22] [23] [24] . ON/OFF control only has two conditions of on and off, and this makes it ineffective various conditions. PID control can be applied in simple processes but not in complex processes. Neural network control is comparatively complex and requires extensive training to ensure effectiveness. After a comprehensive consideration, the current paper employs fuzzy control strategy to achieve real-time control of the damping characteristic of the model. This is because fuzzy control can be easily achieved and applies well to a variety of complex conditions. Significant work has been done in the past few years. The fluid-structure interaction finite element model of the MRF-DMF is established to analyze the parameters [21] . To control the torsional damper of the MRF-DMF, MRF-DMF is designed and proposed, and its AMESim model is constructed and verified by a bench test [17, 18] .
The current paper introduces the operating and control principles of the MRF-DMF and deduces its damping torque, which is generated by the MRF effect. The study also examines the damping effect of MRF-DMF under fuzzy control in different conditions and carries out a test comparison of the damping effect of the MRF-DMF with that of traditional DMF.
The results of the simulation and the experiment demonstrate that the MRF-DMF with a controller that uses fuzzy control effectively isolates the torque fluctuation of the engine under the driving condition and suppresses the resonance amplitude under the start and stop conditions. The test comparison results also indicate that the MRF-DMF performs significantly better than the traditional DMF in suppressing the resonance amplitude under the start and stop conditions.
The results further indicate that the MRF-DMF that has been designed and manufactured in this paper addresses the problem associated with the traditional DMF, in which the different damping characteristic requirements of the drivetrain under different conditions could not be satisfied. Thus, the MRF-DMF can be widely used on vehicles in the future to improve NVH performance.
System Architecture
Installing a controllable damping device is necessary to satisfy the specific damping requirements under different conditions. In normal driving conditions, a weak damping characteristic is needed to isolate the torsional vibration transferred from the engine to the transmission. By contrast, a strong damping characteristic is required to reduce the resonance amplitude of the powertrain under different resonance conditions, such as engine start and stop.
To increase the effectiveness of the DMF in controlling the torsional vibration of drivetrain, its structure can be improved by paralleling a timely controllable damping device with the arc spring of the DMF, as shown in Figure 1 . Thus, the required damping characteristic can be satisfied under different conditions, and the torsional vibration characteristic of a drivetrain can be timely controlled.
To achieve the timely and fully controllable damping characteristic of the DMF under different conditions, this paper considered the rheological behavior of the MRF, which can be adjusted by changing the magnetic field intensity [18] [19] [20] [21] and designed the MRF-DMF. Exciting coil is mounted out of the MRF area. The damping characteristic of the MRF-DMF could be timely controlled by changing the rheological behavior of the MRF, which could be controlled by the magnetic field intensity generated by different coil currents.
The structure of the MRF-DMF is shown in Figure 2 . The area between the inner rotor and outer rotor is filled up with magnetorheological fluid. The magnetic field strength of this area is controlled by the current of the exciting coils. An arc spring is mounted between the first flywheel and the second flywheel. The outer rotor and the first flywheel comprise the first mass, which connects the crankshaft of engine. The inner rotor and the second flywheel make up the second mass, which connects transmission through the clutch.
The exciting coil will not be powered on when the drivetrain needs a weak damping, such as in the idle and driving conditions. In this case, the MRF performance characteristics of the Newtonian fluid and the damping between the inner and outer rotors become weak. The exciting coil will be powered on when the drivetrain requires a strong damping, such as in the engine start and stop conditions. In this case, the MRF performance characteristic of the Bingham fluid and the damping between the inner and outer rotors become strong.
Analysis of Damping Characteristics
As a key characteristic of the MRF-DMF, which is crucial in solving the torsional vibration problem, the damping characteristic mainly depends on the shear force produced by shearing the MRF, while the inner and outer rotors generate the relative rotation. The shearing area can be divided into two parts, namely, top gap and side gap.
The following assumptions are made in establishing the mathematical model:
(1) The MRF is an incompressible fluid.
(2) The MRF exhibits a steady flow. (4) The effect of gravity of the MRF itself is disregarded.
(5) Magnetic field intensity is uniformly distributed in the gap.
(6) The pressure of the MRF is consistent in the radial direction. 
Damping Characteristics in the Top
Gap. The shape of the top gap is illustrated in Figure 3 . When the inner and outer rotors relatively rotate, the damping torque in this area can be derived as the following derivations.
The MRF under zero magnetic field has the characteristics of the Newtonian and Bingham fluids under a magnetic field. The equation is given as follows:
where represents the shear stress of the MRF in Pa, denotes the dynamic viscosity of the MRF in Pa⋅s,̇represents the shear strain rate of the MRF in 1/s, and denotes the shear yield stress of the MRF in Pa. Based on the Navier-Stokes equation of hydromechanics, the circumferential momentum equation could be obtained by
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The relationship of shear stress and shear strain rate is described by
Taking partial derivative of (4) with respect to is given by
Equation (3) minus (5) is given by
Considering the assumptions of (2) and (3) stated above, the MRF has a constant speed at a certain radius, so / = 0. Equation (7) is thus obtained:
By solving (7), (8) is obtained, which is given by
where 1 represents the integration constant in the equation. The shear strain rate is given bẏ
where ( ) denotes the velocity of the magnetorheological fluid. By considering (8), (9), and (2) (when | | ≥ ) as simultaneous equations, (10) is thus obtained:
The inner and outer rotors are assumed to have the same rotation directions but with different speed levels. Thus, sgn() = 1, and (10) is integrated to obtain
where 2 represents the integration constant in the equation, top denotes the shear stress of the MRF in the top gap, and 0 indicates the dynamic viscosity of the MRF under the zero magnetic field.
Consider the torque is transmitted between the inner shaft and the outer shaft. Depending on the magnitude of , three scenarios exist, as described below. and is the fluid shear yield stress), the whole fluid in the gap acts as a solid. The first and second masses move together, and the spring between the two masses does not deflect. Thus, no vibration occurs.
(b) If 1 < ≤ 2 (where 1 = 2 2 6 4 ), the inner part of the fluid in the gap starts to flow, while the upper part of the fluid in the gap is still solid. The boundary of the flowing part and the solid part is the area where shear yield stress occurs, whose radius can be calculated as = √ /2 4 .
The velocity at is ( ) = = 1 , and the velocity at 5 is ( 5 ) = 2 . The rotative speeds of the inner and outer roters are 2 and 1 , respectively, and the rotative speed of the liquid-solid boundary is . Integrating the boundary conditions of ( ) into (11), 1 and 2 are obtained, respectively, as
In the place of radius , the MRF generates torque as given by
By including (8) and (12) into (14) and assigning Δ = 2 − 1 , the damping torque generated by the MRF in the top gap is given by > 2 , the fluid in the gap flows. In this case, the velocity at 6 is ( 6 ) = 1 and the velocity at 5 is ( 5 ) = 2 . By integrating the boundary conditions of ( ), ( 6 ) = 1 and ( 5 ) = 2 , into (11), 1 and 2 are, respetively, obtained as
By including (8) and (16) 
The damping torque generated by the MRF in the top gap evidently depends on shear yield stress, the structure parameters of the inner and outer cylinders, and the relative rotational speed of the first mass and the second mass.
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Damping Characteristics in the Side
Gap. The shape of the side gap is shown in Figure 4 .
In scenario (a) in Section 3.1, the whole fluid in the side gap acts as a solid or part-solid/part-liquid. The liquidsolid boundary of the side gap is perpendicular to the radial direction, and the solid part in the side gap connects the first mass, the second mass, and the fluid (in solid state) in the top gap. Thus, the two masses move together with the same angular velocity.
The damping characteristic in the side gap in scenarios (b) and (c) must be deduced. When the inner and outer rotors relatively rotate, the damping torque in this area can be derived as follows.
An element in the place of radius is extracted, represents the difference of the radius, and the area of the element is obtained as = 2 ⋅ . Thus, generating a torque is expressed as
The rotative speed difference of the inner and outer roter is Δ = 2 − 1 . In the place of raduis , shear strain rate can be expressed aṡ=
In scenarios (b) and (c) mentioned in Section 3.1, the torque generated in the left part between the inner and outer rotors is given by
where ,side represents the shear stress of the MRF in the gap of the left side. Similarly, the torque generated in the right part is given by
where ,side represents the shear stress of the MRF in the gap of the right side. The damping torques in the left and right portions of MRF-DMF evidently depend on the structure parameters, shear yield stress, and zero field viscosity. The equations of the left part and right part are similar. However, the shear yield stress values of the MRF are different because intensity difference occurs between these two parts. Thus, the values of the damping torque generated in these two parts are different.
Total Torque Generated in the Shearing
Area. The torque generated in the shearing area is the sum of the torques generated in the top gap and the side gap. In relation to the above, the total torque generated in the shearing area in the three scenarios mentioned in Section 3.1 is presented below. (a) If ≤ 1 , no vibration occurs between the inner and outer rotors. Thus, the total torque generated by the MRF in the shearing area is given by
(b) If 1 < ≤ 2 with integrating (15) with (21) and (22), the total torque generated in the shearing area is given by total = top + ,side + ,side 
(c) If > 2 with combining (18) with (21) and (22), the total torque generated in the shearing area is given by 
Magnetic Field Analysis.
To obtain the damping characteristic of the MRF-DMF, the magnetic induction intensity in the MRF area is needed to calculate the shear yield stress of the magnetorheological fluid. By employing FEM analysis for the magnetic field of the MRF-DMF, the magnetic induction intensity of the whole device and the MRF area are obtained, as shown in Figures 5 and 6 , respectively.
Total Damping
Characteristic. In Section 3.3, the equation of total (i.e., the total torque generated in the shearing area) is obtained. The damping torque generated by the MRF-DMF consists of two types. The first type is called viscosity torque, which is generated by the viscosity of the magnetorheological fluid. Viscosity torque depends on the zero field viscosity of the MRF. The other type is magnetic damping torque, which is generated by the shear yield stress ( ) of the MRF under the magnetic field. This type of damping torque is the key factor of the controllable damping torque of the MRF-DMF. The relationship between current and shear yield stress can be determined based on magnetic induction intensity under different coil currents by using finite element analysis for magnetic field and the relationship between the shear yield stress of the magnetorheological fluid and magnetic field intensity. Combining the equations of total , the damping torque of the MRF-DMF, which is generated by the MRF effect, can thus be obtained.
Drivetrain Modeling
To verify the damping characteristics of the MRF-DMF under different conditions, a drivetrain model is built in AMESim, and the control system model is established in Simulink. The cosimulation between AMESim and Simulink is carried out.
The basic parameters of the vehicle used in the model are described as follows: the curb weight of the vehicle is 2950 kg, the equivalent rotational inertia of the engine is 0.14 kg⋅m 2 , the equivalent rotational inertia of the first flywheel is 0.1 kg⋅m 2 , and the equivalent rotational inertia of the second flywheel is 0.6 kg⋅m 2 . Some parameters of the engine are as follows: the piston diameter is 94.4 mm, the compression ratio is 18.5, the mass of the crankshaft is 4 kg, the rotational inertia of the connecting rod is 0.02 kg⋅m 2 , and the mass of the piston is 0.3 kg.
Through cosimulation, the torsional vibration isolation effectiveness of the drivetrain with the MRF-DMF under each condition can be obtained.
Drivetrain Model.
The drivetrain is commonly used in six conditions, which include the start, stop, idle, constant speed, run-up, and slowdown conditions. Under the start, stop and idle conditions, the torque is just transferred from the engine to the input shaft of the transmission, and the start condition needs the motor to drive the engine. Under constant speed in the run-up and slowdown conditions, the torque is transferred from the engine through the entire drivetrain to the wheels. Two models are developed to efficiently analyze the two groups of conditions mentioned above.
The model of the first group of conditions, which includes the start, stop and idle conditions, is built as shown in Figure 7 . This model is called the start/stop model and consists of an engine, the MRF-DMF, transmission input shaft, and so forth. The engine consists of a crankshaft connecting the rod system, valve train, starting system, fuel injection system, an ignition system, a cooling system, and so forth.
The loading procedures of the start condition are described here. First, the engine starter drives the crankshaft, and the piston starts to reciprocate inside each cylinder with fuel placed in. When the crankshaft reaches the speed of 200-300 r/min, the engine can drive itself and the starter exits the connection and stops. The crankshaft keeps on rotating at a certain speed. The idle and stop conditions are carried out based on the start condition. After the crankshaft reaches the idle speed, the opening degree of the throttle is maintained for a while and the idle condition is obtained. The throttle is shut off, and when the crankshaft stops rotating, the stop condition is obtained. The model of the second group of conditions (constant speed, run-up, and slowdown conditions) is developed, as presented in Figure 8 . Compared with the start/stop model, gearbox, transmission shaft, universal joint, main reducer, differential, half shaft, wheels, and so on are integrated into the model without starting the system. Moreover, the model of the vehicle body is added while considering vehicle weight, windage, and other factors. The suspension system should be included to connect the drivetrain and the body.
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In the loading procedures of the constant speed condition, the throttle is opened to a certain degree, while the crankshaft is set to a certain speed to maintain the opening degree at the very beginning. The run-up and slowdown conditions are based on the constant speed condition. In the run-up condition, the opening degree of the throttle is slowly increased in a uniform acceleration. In the slowdown condition, the throttle is shut off.
Fuzzy Control Model.
A logical control strategy for the damping characteristic of the MRF-DMF is developed to improve control of the torsional vibration of drivetrain. In this paper, fuzzy control is employed to control the damping characteristic because of its high stability.
The MRF-DMF is designed to isolate the rotation speed fluctuation of the engine crankshaft. Based on the premise that the torque is not reduced, lower rotation speed fluctuation amplitude results in better isolation of rotation speed fluctuation. Angular acceleration can accurately reflect the fluctuation amplitude. Thus, the difference of the angular run-up of the second mass of the MRF-DMF and its minimum value ( ) and change rate ( ) are set as the inputs. The current ( ) of the exciting coil is set as the output. By controlling the current, the rheological behavior of the MRF is controlled so that the proposed MRF-DMF can exhibit appropriate damping characteristics. Thus, the torsional vibration characteristic of the drivetrain is improved.
The domain of deflection ( ) and its change rate ( ) are set as and , respectively, and are then divided into seven levels: = {−3, −2, −1, 0, 1, 2, 3} and = {−3, −2, −1, 0, 1, 2, 3}. The fuzzy subsets of and are set as follows: negative large (NL), negative middle (NM), negative small (NS), zero (ZE), positive small (PS), positive middle (PM), and positive large (PL). Then, the triangular membership fuction is adopted. The domain of the control variable is set as = [0, 2] and is divided into five levels as follows: = {0, 1, 2, 3, 4}; its fuzzy subset is set as follows: zero (ZE), positive small (PS), positive middle (PM), positive large (PL), and positive maximum large (PXL); the triangular membership fuction is utilized. The final fuzzy control rules are designed, as shown in Table 1 .
Based on the fuzzy control rules presented above, the fuzzy control model is built in Simulink, as indicated in Figure 9 .
By building and analyzing the cosimulation using the drivetrain model and the fuzzy control model, the torsional vibration isolation characteristic of the drivetrain can be obtained in each condition, such as the start, stop, idle, constant speed, run-up, and slowdown conditions.
Simulation Result
The instantaneous speed of the first and second masses of the MRF-DMF in the start condition is simulated, and the results are presented in Figure 10 . When speed increases and passes through the resonance area, the instantaneous speed of the first and second masses indicates no obvious resonance. This result illustrates that the resonance amplitude of the drivetrain in the start condition is effectively suppressed by the reasonable damping characteristics. The instantaneous speed of the first and second masses of the MRF-DMF in the stop condition is simulated, and the results are shown in Figure 11 . When speed decreases, no obvious resonance is observed when the resonance interval is passed through. This result demonstrates that the resonance amplitude of the drivetrain in the stop condition is effectively suppressed by the reasonable damping characteristics.
The instantaneous speed of the first and second masses of the MRF-DMF in the idle condition is simulated, and the results are presented in Figure 12 . The instantaneous speed of the second mass is evidently lower than that of the first mass. This result illustrates that MRF-DMF can effectively isolate the torque fluctuation of the engine in the idle condition.
The instantaneous speed of the first and second masses of the MRF-DMF in a constant speed condition is simulated, and the results are shown in Figure 13 . The instantaneous speed of the second mass is evidently lower than that of the first mass. This outcome demonstrates that the MRF-DMF could effectively isolate the torque fluctuation of the engine in a constant speed condition.
The instantaneous speed of the first and second masses of the MRF-DMF in the run-up and slowdown conditions is simulated, and the results are shown in Figures 14 and 15 , respectively. The instantaneous speed of the second mass is evidently lower than that of the first mass in both conditions. This result illustrates that MRF-DMF can effectively isolate the torque fluctuation of the engine in both conditions.
To observe the improved effectiveness in the fluctuation isolation of the MRF-DMF in the run-up and slowdown conditions, the speed fluctuation amplitude of the first and second masses is analyzed. The second-order sections are shown in Figures 16 and 17 . As the main excitation of fourcylinder engine, the second-order sections of the second mass are both evidently lower than the sections of the first mass. This outcome indicates that the MRF-DMF effectively isolates the torque fluctuations in the engine in both the run-up and slowdown conditions.
Based on the analysis of the different conditions stated above, the MRF-DMF under fuzzy control can effectively suppress the resonance amplitudes in both the start and stop conditions; it can also isolate the engine torque fluctuations in the idle, constant speed, run-up, and slowdown conditions.
Fuzzy Controller Design
To verify the effectiveness of the MRF-DMF in isolating the torque fluctuation in each condition when it is set on a vehicle, a reasonable controller is designed. The controller has two design targets. On one hand, the controller should isolate the torque fluctuation of the engine in the idle and driving conditions. On the other hand, the controller should suppress the resonance amplitude in the start/stop and other resonance conditions. The control variable of the MRF-DMF controller is the angular accelerating signal of the second mass. Based on the measurement, analysis, and calculation of this signal, a certain coil current is applied on the exciting coil in order for the drivetrain to exhibit appropriate damping characteristics, which can then meet various needs in different conditions. Considering the fuzzy control strategy, the microcontroller, the power module of the microcontroller, driving circuit, and degaussing module are designed (Figure 18 ). The flow chart of the controller is presented in Figure 19 .
The controller of the MRF-DMF is made based on the design scheme referred to above. The finished product is illustrated in Figure 20 .
Test Verification
The MRF-DMF and its controller are mounted on a light bus with the same basic parameters as those of the model built above. The effectiveness of this controller in achieving torsional vibration control in different conditions is tested.
The test rotation speed fluctuations of the first and second masses of the MRF-DMF in the start condition are shown in Figure 21 . Under fuzzy control, the MRF-DMF can effectively suppress the resonance amplitude and help the drivetrain avoid the effect of large amplitude. The test instantaneous speed of the first and second masses of the MRF-DMF in the stop condition is indicated in Figure 22 . Under fuzzy control, the MRF-DMF can suppress the resonance amplitude effectively and help the drivetrain avoid the effect of large amplitude.
The test instantaneous speed of the first and second masses of the MRF-DMF in the idle condition is presented in Figure 23 . The rotation speed fluctuation amplitude of the first mass is approximately 150 rpm, whereas that of the second mass is roughly 25 rpm. The vibration isolation ratio of 83.3% indicates that, under the fuzzy control, the MRF-DMF is evidently effective in isolating torsional vibration.
The test instantaneous speed of the first and second masses of the MRF-DMF in a constant speed condition of 1000 rpm on the third gear is shown in Figure 24 130 rpm, whereas that of the second mass is roughly 20 rpm. The vibration isolation ratio of 84.6% indicates that, under fuzzy control, the MRF-DMF is evidently effective in isolating torsional vibration. The test instantaneous speed of the first and second masses of the MRF-DMF on the third gear in run-up condition is presented in Figures 25 and 26 , respectively. The instantaneous speed of the second mass is evidently lower than that of the first mass in the run-up condition. This result suggests that, under fuzzy control, the MRF-DMF can effectively decrease the rotation speed fluctuation of the drivetrain.
To observe the improved effectiveness of the MRF-DMF in isolating the torque fluctuation in the run-up condition, the speed fluctuation amplitude of the first and second masses is analyzed. The second-order sections are indicated in Figure 27 . As can be seen, both amplitudes decrease with increased rotation. After isolation, the whole second-order section of the second mass remains lower than 10 rpm, and the effective isolation of the torque fluctuation is observed. This result indicates that, under fuzzy control, the MRF-DMF effectively isolates the torque fluctuation in the engine to the rear drivetrain in the run-up condition. The test instantaneous speed of the first and second masses of the MRF-DMF on the third gear in the slowdown condition is shown in Figures 28 and 29 , respectively. The instantaneous speed of the second mass is significantly lower than that of the first mass during the entire process.
To observe the improved effectiveness of the MRF-DMF in isolating the torque fluctuation in slowdown condition, the speed fluctuation amplitude of the first and second masses is analyzed. The second-order sections are presented in Figure 30 . During the slowdown condition, the rotation speed fluctuation amplitude of the first mass slightly decreases, whereas that of the second mass slightly increases. Despite these observations, the latter is globally and significantly lower than the former. This outcome indicates that Introduction stated that MRF-DMF is more advantageous in the resonance condition, such as in the start and stop conditions, compared with the traditional DMF. In normal driving conditions, a weak damping characteristic is needed to isolate the torsional vibration that is transferred from engine to transmission. Thus, in these conditions, the MRF-DMF works with a weak damping characteristic, which is similar to that of the traditional DMF. Thus, the MRF-DMF performs as effectively as the traditional DMF.
By contrast, a strong damping characteristic is required to reduce the resonance amplitude of the powertrain in the resonance conditions, such as in the engine start and stop conditions. The MRF-DMF can control its damping characteristic based on working conditions, which means that it can exhibit weak damping characteristic in normal driving conditions to isolate the torsional vibration that is transferred from the engine to the transmission, such as that in the traditional DMF. The MRF-DMF can exhibit strong damping characteristic in the start and stop conditions to reduce the resonance amplitude of the powertrain. Thus, the MRF-DMF showed excellent results in the start and stop conditions compared with that in the traditional DMF. Figures 31 and 32 show the test instantaneous speed of the first and second masses of the traditional DMF in the start and stop conditions, respectively.
Figures 31 and 32 indicate that the first mass has resonance in both conditions and the speed of 300 r/min-500 r/min is the resonance interval of the DMF. This outcome leads to the resonance of the engine crankshaft, which generates the noise and vibration problem of the engine. Moreover, the relative rotational angles of the first and second masses are exceedingly large, thus causing the DMF to be easily damaged inside.
A more effectively suppress the resonance amplitude than the traditional DMF. Additionally, when the traditional DMF undergoes the resonance interval, the root mean square (RMS) of the acceleration of the first mass in the start condition is 500.8 rad/s 2 and that of the first mass in the stop condition is 257.8 rad/s 2 . When the MRF-DMF undergoes the resonance interval, the RMS of the acceleration of the first mass in the start condition is 204.8 rad/s 2 and that of the first mass in the stop condition is 90.6 rad/s 2 . This result indicates that the MRF-DMF under fuzzy control can better enable the drivetrain to avoid the negative effect of large amplitude compared with the traditional DMF.
Based on the experimental data presented above, we conclude that the drivetrain equipped with the MRF-DMF and its controller can effectively isolate the torque fluctuation in the engine in the driving condition and suppress the resonance amplitude in both the start and stop conditions.
Conclusion
The MRF-DMF is designed based on the characteristics of the MRF with adjustable rheological behavior, which changes with magnetic field intensity. The MRF-DMF appropriately provides certain damping characteristics in different conditions. The results show that the MRF-DMF effectively isolates the torque fluctuation in the engine under the driving condition and suppresses the resonance amplitude in both the start and stop conditions.
By combining the derivations of the damping characteristic of the MRF-DMF, the drivetrain model is built in AMESim and the control system model is developed in Simulink. The cosimulation using AMESim and Simulink is then carried out. The result indicates that the effect of torsional vibration isolation is ideal by finishing the cosimulation of each condition, such as the start, stop, and idle conditions. The MRF-DMF controller is designed based on fuzzy control strategy. The experiment results indicate that MRF-DMF with controller is effective in isolating the torque fluctuation of the engine in the driving condition and in suppressing the resonance amplitude in both the start and stop conditions.
The MRF-DMF studied in this paper also elevates the torsional vibration isolation of the drivetrain from a pure mechanical problem to an electromechanical integration project. This work provides a new way of solving similar problems. Finally, the proposed drivetrain model with the MRF-DMF and its controller provides a reference for further research. 
